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NASA PROGRESS REPORT

INTRODUCTION

This report covers the work accomplished by Vickers
Incorporated under NASA Contract NAS3-2550 during the month of August,
1962. The objectives of this program are to conduct an engineering study
culminating in the design of a hydrogen-oxygen space power system and to
conduct preliminary testing on critical components of the system,

PROGRAM PLAN

The program plan for this project was described in the progress
report for July 1962. No changes to the program plan have been made
since that report was issued.

PROGRAM SCEEDULE

The program schedule is shown in Fig. 1. In addition to showing
the overall schedule for the program, Fig. 1 also indicates the percent of
completion of each phase of the program and the amount of scheduled effort
expended as of the end of this reporting period.

WORK ACCOMPLISEED

Parametric Studies

a. Cycle Analysis

Five different cycles and power regulation methods have been in-
vestigated. These cycles are:

1. Variable admission
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Constant duration, variable phase hydrogen valve
Otto cycle with variable clearance volume
Otto cycle with variable exhaust pressure, and

G b W

Otto cycle with variable hydrogen inlet pressure

For these cycles, analysis was based on the idealized indicator
diagrams shown in Fig. 2, With saturated hydrogen and oxygen
vapor at 15 psia compression of the hydrogen and oxygen is neces-
sary. For each of the cycles the BSPC is shown in Figure 3 and
the BSPC for operation with super critical hydrogen and oxygen
where no compression work is necessary is shown in Figure4.

In all cases it was assumed that combustion occurs at constant
volume.

The variable admission engine required the variable phase over-
lapping poppet valves to regulate the hydrogen flow into the engine.
To cover the required power range an engine of approximately

1.5 cubic inches displacement with a 5% clearance volume would
be necessary. This engine is less suited to the narrow power
range specified for this program than are versions of the Otto
cycle. It is more attractive for wider power ranges where most
of the operation is at the low power end of the range.

The constant duration, variable phase hydrogen valve was analysed .
because of the simplicity of the valve mechanism. The cam would
*be of constant duration but would have variable phasing with the
crank shaft. To obtain the power required, an engine of approxi-
mately 1.5 cubic inches displacement with a 5% clearance volume
-would be necessary. This engine would have a 13%, increase in
BSPC at low power with only a 1% increase at a 2 KW load and no

increase at a 3 KW load as com-
pared with the variable admission cycle. This engine cycle has no
advantages over the variable admission cycle other than mechanical
simplicity.




Fig. 2
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Three variations of the Otto cycle were investigated. The Otto
cycle has a 15° duration hydrogen valve which opens 15° BTDC
and all the required hydrogen is admitted into the clearance
volume. The oxygen is admitted at TDC and combustion takes
place at TDC or very close to TDC. In this cycle analysis it was
assumed combustion takes place at TDC and a diagram factor of
.9 was used to take into account the rounding of the corners of the
pressure - volume diagram.

The variable clearance volume engine would require a displace-
ment of approximately 1.4 cubic inches to meet the power require-
ments. This engine cycle has about the same SPC characteristics
as the variable admission cycle. A variable clearance volume may
be difficult to mechanically implement.

The Otto cycle with variable exhaust pressure yields a low BSPC
at the power levels of most interest. An engine of approximately
5.5 cubic inches dispiacement with a 5% clearance volume would
be necessary to produce the required power. The large engine
size is not necessarily a disadvantage because it reduces the prob-
lem of valve clearance which could exist in a2 smaller engine with
a 5% clearance volume. The larger engine may weigh more than

a 1.5 cubic inch engine but the decreased BSPC would cause a sub-
stantial weight saving for the combined system. The larger engine
would also be more reliable because it would not be as highly
stressed. There possibly could be a problem of high mean cycle

temperature at low power with the variable exhaust pressure cycle.

The Otto cycle with a variable hydrogen inlet pressure is the pre-
ferred approach at the present time. It would have the same dis-
placement and clearance volume as the variable exhaust engine
with a lower BSPC in the low power range. This engine would also




have all the advantages pointed out in the variable exhaust cycle.
The regulation of the hydrogen inlet pressure should be easy to
achieve mechanically and on the surface there appears to be no
problems with this type of engine cycle and control.

Heat Rejection Analysis

Regenerative Cycle

Figure 5 illustrates the effect of cylinder heat rejection on the
performance of a regenerative power cycle. As expected, in-
creasing cylinder heat rejection (x) lowers cycle thermal efficien-
cy (’)IX ). In a typical example ?loo is assumed to be 0. 50.
Automotive engine heat rejection data suggests a value of the heat
rejection "weighting'' factor, {J = 0.6 be used and heat rejection
rates (x) between 0,4 and 1.0 are considered representative limi-
ting values. Cycle studies at Vickers indicate that cycle efficiency
with no cylinder heat rejection (7!7’ ) of about 0.5 are achievable.
For this case it can be seen from Figure 5 that when x = 0,
Nx=0.50; when x = .40, 7%, = 0.449; and when x = 1.0, 7jy = 0.389.
BSPC varies inversely with net thermal efticiency (with heat rejec-

tion) ’nX N

Non-Regenerative Cycle

Non-regenerative cycies are not affected by the heat rejection,
which occurs during the biowdown process, while the regeneration
process in a regenerative cycle suffers due to this effect. Although
quantitative data on the non-regenerative cycles are not available
at present, qualitative conclusions can be drawn,

The non-regenerative, stoichiometric engine cycle, will tend to
reject less total heat to the cylinder because of the higher molecular
weight of the working fluid. Furthermore since the majority (per-
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haps @ 60%) of the heat is rejected during the blowdown process,
significantly less effect of heat rejection will be reflected upon

the performance of the non-regenerative cycle. It is reasonable
to assume that the loss in cycle efficiency with heat rejection

in the non- regenerative cycle will be less than the loss in a regen-
erative cycle with equal rates of heat transfer.

Stoichiometric Operation

Early in this preogram consideration was given to redirecting the
effort toward a hydrogen-oxygen system which would operate at
stoichiometric mixture ratio and use an internal compression
non-regenerative prime mover. The advantages of such a system
over the fuel-rich regenerative system include the probability of
lower heat rejection, less sensitivity of cycle performance to heat
rejection, and lower total system volume due to operating at the
stoichiometric mixture ratio. It was felt that the lower system
volume would make the system more applicable to a wider range
of mission requirements. In discussing these suggestions with
the NASA program manager it was agreed that the stoichiometric
cycle should be studied further as part of the parametric study
phase of this program. In the meantime work would progress
along the lines of a regenerative fuel-rich system.

Since that time, preliminary study work on the stoichiometric
svstem has been carried on but the results to date have been
somewhat inconclusive. The many gray areas involved seem to
indicate that a detailed and rigorous comparative analysis would
be required in order to make a completely objective comparison.
Such a study appears to be beyond the scope of the current con-
tract without seriously jeopardizing the success of the other
phases of the program. Therefore it is recommended by Vickers

10



that no additional comparative analysis with the stoichiometric
non-regenerative cycle be conducted in the course of this current
program. FEowever it is further recommended that serious con-
sideration be given to that type of system for possible application
within the overall spectrum of space power systems. Particu-
larly the internal compression engine either in a two stroke ver-

3

sion or a four stroke version appears to offer the advantages of

a simpler, more easily developed prime mover for hydrogen-
oxygen power systems than does the regenerative external com-
pression type engine regardless of whether it is to be used in a
fuel rich application or a stoichiometric application. On the other
hand the internal compression engine does not lend itself as readily
to achieving high thermal efficiencies as does the external compres-
sion regenerative engine.

Controls

Evaluation of Technical Requirements

The essential control problem is the control of alternator speed
to a constant value, + .5%, during a constant load condition, and
allowing speed deviations of not greater than 3% during load
transients of the magnitude shown on the duty cycle. There are
other important problems such as starting, switching systems on
line, and fail- safe considerations; but effort on these areas will
be delayed until requirements are better known and a speed con-
trol configuration has been determined.

Evaluation of Engine and Propellant Source Configuration and

Operating Characteristics

Information in this area is essential before detail control design
can be accomplished. Information needed to attain configurations

11




and characteristics was outlined and requested from the Engine
Performance Analysis Group. A continuous coordination effort
remains with this group until a mathematical engine model is
agreed upon. Such studies are described in the Parametric
Studies Section of this report.

The dynamic representation of the engine was given consideration.
The basic question in this area was the accuracy of representing
the discontinuous combustion and torque cycle of the engine as a
continuous, mean, process. The continuous representation was
approved, but this decision will be re-evaluated at a later time.

The inertia of the rotating parts was established. The evaluation
shows the moment of inertia of the ASD engine and representative ,
alternator and gearing components to be:

Engine ,0159 Lb-Sec2-in
Alternator .0072 "o "
Total .0231 "o "

Indicating an engine acceleration constant of

416 = o RPM/Sec
3 L,

P ..
LA: TOl‘qu Unbalance in inch lbs.

Evaluation of Estimated Control Configuration

Substantial linear analysis is being performed on the over-all
system by assuming unknown portions of the system and using a
non-dimensional approach. The important relationship between

12




the load input and speed output is known which makes this type
of analysis much more useful.

Effort at this point has been concentrated on three system

approaches, These are:

System (1)

System (2)

System (3)

A control system which has the capability of anticipating
speed changes before they occur has more time to correct
for the cause of the speed change. Sensing load changes
and correcting power proportionally to the load changes,

as in system (1), gives such capability in controlling engine
speed. System (1) would be combined with system (2) or
(3) in actual practice, but separate examination helps to
establish requirements for systems (2) and (3).

A control system which adjusts power at rates proportional
to the amount of speed error is an integral control system. .
It has the capability of driving the speed error to zero.
Compensation, which is necessary to stabilize the system
and provide better response is a form of load change sensing,

A control system which is the same as System (2) except
for a more complex type of compensation.

These systems are represented by the block diagram and tabula-

tion of Figure 6.

Although much work remains in evaluating these systems, some |,

conclusions have been drawn.

1. In system (1), load sensing helps but is not sufficient
by itself to control step inputs,

13
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2. Increasing rotating moment of inertia will reduce
errors in all systems and is desirable from a controls
point of view.

3. Judicious selection of compensation will be required
in order to meet transient requirements and maintain
small amplitude stability. As an example, system (3)
has much more comfortable gain and phase margins
than system (2).

d. Evaluation of Componenis

Information is being requested from governor manufacturers and
tachometer manufacturers on speed control devices applicable to
this problem. Some Vickers experience indicates that power re-
quirements for a hydro-mechanical governor might be large (in
percentage) for a small power unit.

Electrical Components

INNASA requirements have been reviewed. The load duty cycle furnished
by NASA shows load versus time in watts. Vickers is assuming that
watts have been specified at a constant power factor of .75. If not,
specific power factors corresponding to each load level should be stated
by NASA.

General Electric and Westinghouse have been contacted. Proposals
from each are expected within 2 weeks. Other vendors will be consulted
on components,

Starter; For engine starting tentative selection has been made

of a commutator and brush D. C. dual function starter-
motor-generator hermetically sealed in an optimum
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gaseous atmosphere and externally cooled by the system
fluid coolant, Torque transfer is accomplished by the
use of high coercitivity permanent magnets, one affixed
to the motor shaft within the hermetically sealed space,
and the other affixed to a gear shaft common to the alter-
nator drive gear train. The speed of the motor is high,
hence the torque requirements of the magnetic coupling
are small. The D.C. starter-generator shall function
as a generator, without the use of switching devices, to .
maintain the system battery at optimum voltage.

Reliability Studies

Since the reliability of a particuiar power system depends to such a
large extent on the detail system configuration including component types
and other detail design considerations, it has been decided to delay the
reliability study phase of the program until the basic system configura-
tion is better defined. In the meantime a literature search has been
initiated to obtain data on failure rates of piston engines, particularly
for aircraft applications and on generators, compressors, and other
components, such as controls, which may be selected for use in the
final system configuration. It is expected that more detail consideration
of the reliability aspects of the system design will get underway in the
near future as the system configuration becomes better defined.

Materials

Material studies conducted to date have been limited to selection of
materials for the various pieces of experimental hardware to be con-
structed during this program. Particular attention has been given to v
materials for use in the difficult areas application such as operation at
the very low temperatures to be encountered in the cryogenic hydrogen
compressor and to the high temperature oxidizing atmosphere conditions
to be encountered in the oxygen injector.
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Hydrogen Compressor

The design and detailing of the experimental hydrogen compressor has
been completed. Drawings have been released to the shop for fabrica-
tion of an experimental unit. The design of this hydrogen compressor
was described in the progress report for July 1962. However a few
minor design details have been changed during the month since that re-
port was written. The final design configuration of the compressor is
shown in Figure 7. Areas in which the final configuration differ from the
preliminary design shown in the July progress report include separate
cylinder heads for ease of assembly and convenience in testing different
cylinder configurations and materials. A poppet valve was selected for
the first stage inlet valve because it was felt that this type of valve would
be easier to manufacture successfully than the reed type valve which was
shown on the preliminary design drawing. The inlet and discharge valves
for both stages are now located in the cylinder heads in order to simplify
the construction of the cylinders and to avoid conflicting material require-
ments which might be associated with attaining cylinder wear resistance
and valve seat impact resistance. Aside from these changes the final
compressordesign is essentially the same as was shown in the July
progress report.

Regenerator

Preliminary design of the regenerative heat exchanger has been started

but is not far enough along as of this date for any drawings or calculations
to be included in the progress report. However the design of the experi-
mental regenerator as a piece of hardware does not appear to be particular
ly difficult and it is being analyzed in a conservative manner by using some
simplifying assumptions. In designing the regenerative heat exchanger it
should be noted that in a power system operating in space a sonic velocity
will exist in the exhaust system at the point of final exit to space. Exist-
ence of sonic velocity at the end of the exhaust pipe does not necessarily
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indicate that sonic velocities will niot also occur upstream in the system.
However if variations in flow area are avoided in the system all upstream
velocities will be in the subsonic region. Although it may appear desirable
to take advantage of the vacuum of space ard operate the exhaust side of
the regenerator at high mach numbers, calculation of film coefficients
under these conditions is virtually impossible. This is because film co-
efficients are generated and derived from empirical data which are quite
meager at high mach numbers and the presence of pulsating flow tends to
further complicate the problem. Therefore it is planned to analyze the
experimental regenerator assuming that the exhaust system is equipped
with an orifice which chokes at sonic velocity and insures that all regen-
erator passages are subsonic and within the realm of background data.

It can be shown that these are conservative assumptions. In order to
facilitate testing of the regenerator it is planned that the design will be
based on sea level back pressure conditions. It can be shown that a
regenerator designed for sea level condition will improve in performance
under space conditions. However a heat exchanger designed for space
would be somewhat lighter in weight. At this point of the program light
weight is not particularly significant but designing for sea level opera-
tion will avoid test facility difficulties which would be encountered in try-
ing to simulate space conditions.

Engine

All drawings for the fabrication of an additional engine of the ASD design
een released with the exception of a few parts which have been the
subject of additional design studies. Areas which have been redesigned
include the hydrogen valve spring arrangement, the methods of sealing
around the hydrogen inlet, and the cylinder head and piston dome con-
struction. Detail drawings for the parts involved in these redesigned
areas are being prepared now and will be released during September.
Figure 8 shows the revised configuration of the hydrogen valves and hy-
drogen inlet port. This area was redesigned in order to improve the
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Fig. 8 - H2.Valve Modification
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ease of assembly by making it possible to assemble the valves, valve
guide, valve springs, spring keepers, and rocker arm followers on the
bench before installing the assembly in the engine. In addition the total
number of parts has been reduced from the previous design. The arrange-
ment of the hydrogen inlet adapter has been modified in order to be con-
sistent with the bench assembly of the valves and also to reduce the possi-
bility of leakage from the supply line either to the outside of the cylinder
head or by by-passing the valves into the combustion chamber as was
possible on the original design. Figures 9 and 10 show alternate arrange-
ments of the cylinder head and piston dome construction. These differ
from the original engine design in that they utilize simpler construction
and different means of sealing gas pressure in the combustion chamber.
As before care has been taken in the design of these parts to minimize

the available path area for heat transfer through either the cylinder head
or the piston dome. The purpose of this is to attempt to achieve higher
cycle efficiencies by reducing overall engine heat rejection. Figures 9
and 10 differ primarily in the method of sealing gas into the combustion
chamber. Figuration of Figure 10 was selected as being more desirable
because it utilizes static K type seals instead of the metal o-rings as
shown in Figure 9. It was felt that problems might occur with the metal
o-rings as result of differential thermal expansion between the two sur-
faces contacting the seal. This is less likely to be a problem area with
the K type seal as shown in Figure 10, Engine cylinder material will

be changed to a high temperature alloy in order to provide a better chance
of operating with high cylinder wall temperatures. In addition the cooling
jacket for the upper portion of the cylinder has been redesigned and now
takes the form of a helical passage making several passes around the cir-
cumference of the cylinder. Previously there was no attempt to direct
the flow of water through the cooling jacket. Aside from the changes
specifically mentioned here the engine being constructed under this pro-
gram is essentially identical to that constructed under the ASD contract.
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Fig. 9 - Piston and Cylinder Head Configuration
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Fig. 10 - Revised Sealing Configuration, Piston and Cylinder
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Oxygen Injector

A new oxygen injector has been designed for use in this program both as
a part of the engine and for additional development as a component.
Separate development of the injector as a component was deemed neces-
sary because of the special problems involved in the development of the
injector and because of its importance in achieving satisfactory engine
operation. The new injector configuration which is shown in Figure 11
follows the same basic concept as that of the injector design under the
ASD program. Fowever a number of worthwhile improvements have been
designed into the new injector. In order to reduce the valve seating loads
on the injector poppet seat a novel construction has been evolved which
allows the inertia loads of the entire actuating system with exception of
the poppet itself to be taken on the cam and the inertia load of the poppet
valve alone being reacted on the valve seat. By additional changes in the
construction of the oxygen injector it is now possible to completely assem-
ble the injector unit on the bench and then install it in the engine as a
module. Other improvements in the new design include self-contained
bearings for the cam follower shaft, a longer torsional seal tube in order
to allow operation at lower stress levels, and a much more rigid support
for the flex pivot joint located within the sealed chamber., With proper
selection of materials for the poppet and seat it is considered that this
new design has a good chance of over-coming the problems which existed
in the earlier oxygen injector.

In addition to the design work involved in the oxygen injection configura-
tion shown in Figure 11 some design study effort was devoted to an alter-
nate oxygen injector design which differed basically from the hermetically
sealed unit shown here. This alternate design consisted of arranging a
small poppet valve for admitting oxygen into the cylinder in a manner sim-
ilar to the arrangement of the hydrogen valves. Fowever this configuration
did not appear to offer enough advantage over the configuration shown in
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Figure 11 to justify continuing that design approach. Therefore it
was decided to build and test the oxygen injector configuration shown
in Figure 11,

PROBLEM AREAS AND SOLUTIONS

The major problem area encountered to date in this program
is that of helium dilution of the oxygen available as boiloff from the
main propulsion tankage. Feljum dilution of the hydrogen boiloff gas
does not appear to be a serious problem within the range specified by
NASA. Since operation of the system is at a hydrogen-rich mixture
ratio the presence of helium merely reduces the amount of hydrogen
necessary to act as a combustion temperature limiting diluent. Eow-
ever the problem is much more severe with helium dilution of the oxy-
gen and it appears unlikely that very large percentages of helium can
be tolerated in the oxygen boiloff gas without excessive system com-
plexity. Study of this problem is continuing and results will be dis-
cussed in future reports.

Other problem areas which have been encountered are those
of material selction for the critical areas of the components to be built
in this program such as for the cryogenic hydrogen compressor, the
oxygen injector, and the high temperature areas of the engine.

PLANNED FUTURE WORK

For the forth coming report period it is planned to continue
work in all of the areas of the program as indicated in the schedule in
Figure 1. Parametric studies, controls analysis, and selection of
electrical components will continue. Reliability and failure analysis
will begin and material studies will continue as required for selection
of materials for the experimental components. Fabrication of the
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experimental compressor and engine will continue as scheduled.
Drawings will be released for fabrication of the experimental oxygen
injector, and it is expected to complete the preliminary design of the
experimental regenerative heat exchanger within the forthcoming
period.
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